The extracellular matrix (ECM) provides a unique physical and functional boundary that specifies the properties of the normal assembly of the neuromuscular junction. Reinnervation of skeletal muscles is topographically specific as axons preferentially form new junctions at original synaptic sites (Sanes et al., 1978; Sanes, 1989) . Skeletal muscle fibers regulate their susceptibility to synapse formation in accordance with their current state of innervation: nerves implanted in innervated muscles do not generally form synapses, while denervated muscles easily accept innervation (Grinell and Herrera, 198 1) . Therefore, a muscle fiber might respond to nerve section by changing its surface properties, thereby increasing its attractiveness for regenerating axons. Cell-membrane and ECM molecules have been suggested as mediators of these interactions (Covault and Sanes, 1985; Rieger et al., 1985; Chiu et al., 1986; Sanes et al., 1986) .
Proteoglycans are ubiquitously present in the ECM (Hascall and Hascall, 198 l) , as well as in association with the plasma membrane of eukaryotic cells (Hook et al., 1984) , where they appear to play a role in developmental interactions important for growth control, tissue morphogenesis, and cell differentiation (Ruoslathi, 1989) . Recently, proteoglycans have also been implicated in the modulation of similar interactions in the nervous system. Heparan sulfate (HS) proteoglycans are associated with laminin-containing net&e-promoting factors (Lander et al., 1982 (Lander et al., , 1985 . In the CNS, HS proteoglycans may play important roles as evidenced by their involvement in neural-cell adhesionmolecule (N-CAM)-mediated adhesion of retinal neurons to each other and to an extracellular substrate (Cole et al., 1985 (Cole et al., , 1986 . Also, an HS proteoglycan has been identified as a cellsurface receptor for purpurin, the chick neural retina adhesion molecule (Schubert et al., 1986; Berman et al., 1987) .
In the PNS, it has been suggested that the HS proteoglycan is involved in axonal regeneration along laminin-rich pathways (Chiu et al., 1986) and in the guidance of axons to the original synaptic sites of denervated neuromuscular junctions (Sanes et al., 1986) . A nerve-terminal-anchorage macromolecule isolated from the ECM of the Torpedo electric organ corresponds to a chondroitin sulfate (CS) proteoglycan (Carlson and Wight, 1987) . Furthermore, a neural-surface HS proteoglycan is a functionally important component of the Schwann cell mitogen associated with dorsal root ganglion neurons (Ratner et al., 1988) . Proteoglycans therefore seem to be important for neuronal cell adhesion and growth. Work in our laboratory has shown that rat skeletal muscle synthesizes and incorporates HS, CS, and dermatan sulfate (DS) proteoglycans into the ECM (Brandan and Inestrosa, 1987a,b) .
One of the most important influences of nerves on muscle is to maintain normal contractile activity, thus regulating the level of cell-surface molecules such as AChE (Lomo et al., 1985) and extrajunctional AChR (Lomo and Rosenthal, 1972; Reiness and Hall, 1977) . Moreover, it has been reported that nerve-evoked muscle activity regulates the level of mRNA expression of different AChR subunits (Merlie et al., 1984; Shieh et al., 1987; Goldman et al., 1988) . Because there is essentially no information about the regulation of the expression of the ECM proteoglycans, it is important to evaluate the role of innervation in this process.
Here, we report that denervation increases the expression of proteoglycans of muscle ECM. This effect is related to the contractile activity induced in muscle fibers by the nerve. To our knowledge, this is the first biochemical demonstration of changes in proteoglycans of skeletal muscle ECM following motor nerve section.
Materials and Methods
Materials. %-Na,SO, (carrier-free) and 3H-glucosamine (30 Ci/mmol) were obtained from New England Nuclear, Boston, MA. Chondroitinask ABC, DEAE-Seuhacel. and Senharose CL-4B and -6B were obtained from'sigma Chemicals, St. Louis, MO.
Animals and surgical procedures. For denervation, male SpragueDawley rats (120 gm) were anesthetized with sodium pentobarbitone (35 mg/kg body weight, i.p.), and a l-cm segment of the sciatic nerve was removed at the sciatic notch. For nerve regeneration experiments, muscles were denervated by crushing the sciatic nerve with a hemostat for 30 sec. We tested reinnervation using both muscle response to nerve stimulation and measurements of AChE activity (Fadic and Inestrosa, 1989) .
M&leparalysis. Muscles were paralyzed by tenotomy or by complete blockade of nerve conduction with repeated local application of TTX. Tenotomy was carried out by cutting the distal tendons of the tibialis anterior, extensor digitorum longus, and tendo achillis. Sciatic nerve conduction was blocked by a subperineural injection of TTX using a glass micropipette.
Two pg TTX in 2 ~1 Ringer's solution was injected every second day (Pestronk et al., 1977) . To determine whether paralysis was due to nerve blockade rather than denervation, the sciatic nerve was stimulated in situ proximal and distal to the injection site.
Labeling and isolation of muscleproteoglycans.
Animals were injected intraperitoneally with 1 mCi 35S-Na,S0, (carrier-free) in 0.9% NaCl. Six hr after injection, the rats were killed and the leg muscles removed. A detergent-insoluble fraction enriched in ECM components was prepared by modification of previous procedures (Sanes and Hall, 1979; Godfrey et al., 1984) . Samples were homogenized in 10 mM Tris-HCl buffer (pH, 7.4) containing 20 U/ml aprotinin, 5 mM benzamidine-HCl, 100 mM 6-aminohexanoic acid, and 0.5% Triton X-100. The homogenate was centrifuged at 15,000 x g for 15 min at 4°C. The pellet was resuspended in the same homogenization medium and centrifuged again. This procedure was repeated 3 times, and the final insoluble pellet was used for the analysis. Tissue from contralateral muscles as well as from nonoperated animals were extracted in parallel as controls.
Results
Denervation increases the synthesis of muscle proteoglycans In initial experiments, we measured the effect of muscle denervation on the incorporation of 35S-sulfate into a detergent-insoluble fraction of muscle homogenates containing ECM. Rat leg muscles were denervated by section of the sciatic nerve and at different times after denervation, the animals were injected intraperitoneally with radioactive sulfate. Six hr later, the leg muscles were removed and homogenized, and a detergent-insoluble fraction was prepared as described in Materials and Methods.
Aliquots of the resuspended ECM-like material were spotted on dry Whatman 3-mm filter disks impregnated by prior soaking in 2.5% cetylpyridinium chloride (CPC). The filter disks were washed sequentially in 25 mM sodium sulfate, distilled water, and 95% ethanol, then dried for scintillation counting (Rapraeger and Bernfield, 1985) . Proteoglycans were extracted from the final ECM-like pellet as described previously (Brandan and Inestrosa, 1987a) . Briefly, the pellet was extracted with 4 M guanidine-HCl, desalted by chromatography on Sephadex G-50 SF, and concentrated by an ion exchange chromatography on a DEAE-Sephacel column. Recovery from the concentration procedure was between 90 and 95%. When j5S material obtained from the DEAE-Sephacel was incubated with degradative enzymes (see below), the j5S material was dialyzed against 10 mM Tris-HCl (pH, 7.4) with 0.1 M NaCl containing protease inhibitors for 24 hr at 4°C.
Column chromatography. Sepharose CL-4B and CL-6B (0.7 x 120 cm) columns were prepared in 1% sodium dodecyl sulfate, 0.1 M NaCl, and 50 mM Tris-HCl buffer (pH, 8.0). Samples (1.0 ml) were applied to columns together with previously fractionated Dextran blue 2000 (Pharmacia) and Phenol red to mark the void and total volumes, respectively. Columns were eluted at a flow rate of 2.8 ml/hr. Effluent fractions of 0.8-1.0 ml were collected and analyzed for radioactivity.
Enzymatic treatment and chemical analyses. Chrondroitinase ABC digestion of 35S-proteogIycans was performed in 50 mM Tris-HCl buffer (pH, 7.0) containing 100 mM NaCl. Digestions were carried out with 0.1 U/ml of the elvcosidases for 5 hr at 37°C. Degradation of the HS proteoglycans was performed by nitrous acid treatment using reaction "A" of Lindahl et al. (1973) . Aliquots of digested or extracted materials were spotted on CPC filters, and the remaining proteoglycans were quantified. Glycosaminoglycan (GAG) chains were obtained from the proteoglycans by mild alkali treatment (24 hr at 37°C in 100 mM NaOH and 1 M NaBH,). After neutralization, the products were analyzed by chromatography on Sepharose CL-6B. SDS-PAGE analysis ofproteoglycans. Samples eluted from the DEAESephacel column and Sepharose CL-4B were analyzed by electrophoresis on 3-8% polyacrylamide-dodecyl sulfate gradient gels as previously described (Carlson and Wight, 1987) , following by autoradiography and fluorography.
Double-isotope labeling experiment. Animals were injected intraperitoneally with 2 mCi 35S-sulfate (carrier-free) and 3 mCi 3H-glucosamine (30 Ci/mmol) in 0.9% NaCl. Proteoglycans were purified as described above, and the presence of '?S and 3H was determined after DEAESephacel and Sepharose CL-4B chromatography.
The radioactivity of each isotope was measured in a Beckmann LS-100 counter and differentiated by the appropriate window setting and spillover corrections.
Catabolic experiment. Animals denervated 6 d and control animals were injected with a total of 2 mCi 3SS-sulfate in 0.9% NaCl. Four injections were carried out during 24 hr (every 6 hr). The amount of ?&labeled ECM material at the end of the uulse and 3. 6, and 12 d later was determined.
AChE assay. AChE activity was determined as described by Fadic and Inestrosa (1989) Denervation of muscles for 6 d produced an approximately 2-fold increase in 35S-sulfate incorporation into the ECM fraction ( Table 1) . As a positive control for muscle denervation, we also measured AChE activity, which was decreased as expected (Hall, 1973) . The increased sulfate incorporation could be seen as early as 1.5 d after denervation, the earliest time tested, and reached a maximal value approximately 6 d after denervation (Fig. 1) .
To determine if the sulfate incorporated after denervation was associated with proteoglycans, the detergent-insoluble fraction was extracted with guanidinium salts and fractionated by ion-exchange chromatography on DEAE-Sephacel. The percent of incorporated 35S-sulfate that was extracted by this procedure and retained on the column was 85% for innervated muscle and 87% for denervated muscle. Although the total amount of radioactivity retained on the column was twice as much for the denervated muscle extract as for the innervated muscle, the column profile was essentially the same in both cases (Fig. 2) . Sulfate-labeled macromolecules obtained after DEAE-Sephacel chromatography were totally sensitive to glycosidase treatments (E. Brandan, unpublished observations). These results demonstrate that denervation increased the incorporation of sulfate into ECM proteoglycans.
Increased incorporation of sulfate into proteoglycans could arise from (1) an increase in size of newly synthesized proteoglycans, (2) a change in the length, or (3) degree of sulfation of the GAG chains associated with the proteoglycans, (4) an increase in the rate of proteoglycan synthesis, or (5) a decrease in the degradation rate of proteoglycans. We have investigated each of these possibilities.
The size of the proteoglycans was estimated by Sepharose CL-4B column chromatography and by SDS-PAGE of the pooled DEAE-Sephacel fractions. Sepharose CL-4B chromatography of innervated and denervated fractions showed similar profiles. In each case, there were 2 major peaks, whose K,, values were 0.2 1 and 0.50, respectively (Fig. 3A) . In innervated muscle extracts, the proportion of radioactivity in the 2 peaks was approximately equal, whereas in denervated muscle, the smaller fraction showed a slight predominance. The increased incorporation in denervated muscles therefore cannot be explained by an increase in molecular size of the newly synthesized proteoglycans. SDS-PAGE confirmed the presence of sulfated proteoglycans of 2 different sizes. (Fig. 3B) . The M, calculated by mobility in an SDS-PAGE gradient gel was 1 lo-80 kDa for the smallest, whereas the largest has a very high molecular weight.
GAG chain length was measured after isolation from the proteoglycans by mild alkaline treatment. Sepharose CL-6B chromatography of the released GAG chains showed a similar pattern in each case (Fig. 4) indicating that increased GAG chain length is not responsible for the increased sulfate incorporation seen in denervated muscle. ECM-like material was prepared from normal (nonoperated). contralateral, and denervated (6 d) leg skeletal muscles from rats previously injected with 1 mCi ?3 for 6 hr. Denervated muscle weight fall 19.8 + 2.1%. Aliquots were spotted on CPC-impregnated filter disks, which quantitatively bind GAG-containing material (Rapraeger and Bernfield, 1985; Brandan and Inestrosa, 1987a) . Then, the disks were processed and counted for radioactivity. Bach value represents the mean ? SEM of(n).
To determine whether or not a change in the degree of GAG sulfation occurs after denervation, rats were injected with a mixture of 35S-sulfate and 3H-glucosamine. Proteoglycans were prepared from ECM-rich fractions from control and denervated muscles by guanidinium extractions and chromatography on DEAE-Sephacel, and the amount of each label was determined. Denervation produced an increase of approximately 3-fold in incorporation of both 3H-glucosamine and 35S-sulfate. The 35S: 3H ratio was identical in both fractions (Table 2) , suggesting a comparable degree of GAG sulfation in innervated and denervated muscles. Fractionation of 3H-and 3SS-labeled macromolecules through Sepharose CL-4B indicates that both isotopes are present in the same proteoglycan (Fig. 3A, inset) .
Taken together, the experiments characterizing the proteoglycans in innervated and denervated muscle show no differences between them that would explain the increased incorporation of label that occurs after denervation.
The final possibility is that denervation results in a decreased catabolic rate of ECM proteoglycans, thus increasing the incorporation of 35S-sulfate. To measure the rate of degradation, proteoglycans were labeled by injecting animals with radioactive sulfate. Twenty-four hr later, unlabeled sulfate was injected, and muscles were taken at various times thereafter, and the amount of radioactivity remaining in the detergent insoluble fraction was determined. The half-time of loss of radioactivity was the same in innervated and in denervated muscles: 4-5 d (Fig. 5) . We conclude that there is no change in the rate of proteoglycan degradation after denervation, and that the change in incorporation must represent a change in synthesis or insertion of proteoglycans, leading to their accumulation in the ECM. The ECM fraction of adult rat muscle contains several types of proteoglycans (Brandan and Inestrosa, 1987a) . We examined the sensitivity of the proteoglycans to nitrous acid and to chondroitinase ABC treatment in order to determine whether all classes of proteoglycans were equally affected by denervation. There was 43% HS and 57% CS/DS proteoglycan in control muscles, confirming previous results (Brandan and Inestrosa, 1987a) . We found that, though incorporation into both HS and CS/DS proteoglycans was increased after 6 d of denervation, the increase was significantly greater for proteoglycans of the CS/DS type (Table 3) .
Muscle activity regulates the expression of ECM proteoglycans
Many properties of muscle fibers are altered by denervation and restored to their original state when the muscle is reinnervated. The same is true for proteoglycan synthesis as measured by 35S-sulfate incorporation. When muscles were denervated by crushing the nerve, rather than by nerve section, and examined 30 d later, when reinnervation is known to have occurred (Fadic and Inestrosa, 1989) , the level of incorporation of 35S-sulfate was identical to that of normally innervated muscle (Fig. 6) . Incorporation thus appears to be neurally regulated.
One effect of denervation and reinnervation is to change muscle activity. Neurally induced muscle activity is know to regulate the level of a number of cell surface molecules, including AChR (Lomo and Rosenthal, 1972; Goldman et al., 1988 ) AChE (Lomo et al., 1985) , and N-CAM (Covault and Sanes, 1985) . To test the idea that muscle activity controls the level of proteoglycans in the muscle ECM, we paralyzed innervated muscles in 2 ways: by repeated local aplications of TTX (Pestronk et al., 1977) and by tenotomy. In both cases, we observed an increase in 35S-sulfate incorporation into the ECM fraction comparable to that observed in denervated muscles (Fig. 6) . These results suggest that it is the state of muscle activity that regulates the level of proteoglycans in muscle.
Discussion
There is no information about the regulation of ECM proteoglycan expression in muscle fibers in vivo. Recently, attention has been focused on the identification of factors that could guide axons during reinnervation of skeletal muscles (Covault and Sanes,. 1985; Chiu et al., 1986; Sanes et al., 1986; Bixby et al., 1987; Sanes, 1989) . It has been proposed that denervated muscles use cell-surface and ECM molecules to influence the behavior of regenerating axons (Covault et al., 1987; Hunter et al., 1989) . In this context, it was of interest to us to examine the effect of denervation on the expression of proteoglycans in muscle ECM.
In the present study, we found that motor nerves regulate the expression of muscle ECM proteoglycans. The control of muscle proteoglycans seems to be related to the nerve-induced muscle activity. Our experiments showed an increase in Yj incorporation into ECM proteoglycans after denervation. Several lines of evidence suggest that the increase observed in sulfate incorporation into proteoglycans corresponds to an increse in the synthesis of these macromolecules rather than to changes in proteoglycan size, GAG chain length, degree of sulfation of GAGS, or catabolic rate. Reinnervation results in reversal to the normal situation. Thus, the level of muscle proteoglycans is controlled by innervating motor nerves.
It has recently been reported that transforming growth factor fi (TGF-P) increases the expression of proteoglycans released into the medium and incorporated into the matrix of mesenchymal and epithelial cells in culture (Bassols and Massague, 1988) . TGF-fi acts at 2 levels: it increases the molecular mass of proteoglycans by increasing GAG chain length, and it elevates the biosynthetic rate of proteoglycan core protein (Bassols and Massague, 1988) . TGF-P also stimulates the synthesis of proteoglycans in bovine cartilage organ cultures, as well as decreasing their rates of catabolism (Morales and Roberts, 1988) . The GAGS regulated by TGF-/3 correspond to the CS/DS type, as shown in kidney fibroblasts (Bassols and Massague, 1988) and human smooth muscle cells and for the hybrid cell-surface proteoglycan of mammary epithelial cells (Rasmussen and Rapraeger, 1988) . We did not detect any change in GAG chain length or molecular mass of proteoglycans in denervated muscle; neither did we detect a change in their cat- abolic rate. Interestingly, we found that CS/DS proteoglycans present a greater increase than the HS type. These results show that the nerve control of the proteoglycan expression in the muscle has similarities and differences with the TGF-/3 effect on the proteoglycans of cultured cells.
Muscle inactivity mimics denervation in that it induces terminal sprouting (Brown et al., 198 l) , renders muscle fibers susceptible to hyperinnervation (Grinell and Herrera, 1981) and increases the level of cell-surface macromolecules such as the extrajunctional AChR (Pestronk et al., 1977) and N-CAM (Covault and Sanes, 1985) . We induced muscle inactivity without denervation (by tenotomy or blockade of nerve conduction by TTX) to determine whether muscle activity was responsible for the increased incorporation of 35S-sulfate seen after denervation. The increase in ECM proteoglycans found in paralyzed muscles was similar to that observed after denervation. Therefore, proteoglycan expression appears to be controlled primarily by nerveevoked muscle activity. Interestingly enough, it has been reported that the collagen accumulation that occurs in inactive muscles can be prevented by active stimulation (Williams et al., 1988) . In addition, the expression of a surface-associated CS proteoglycan of the mammalian CNS recently has been shown to be regulated by neuronal activity (Zaremba et al., 1989) .
The increase observed in muscle proteoglycans with denervation or muscle paralysis, which is restored to normal level after reinnervation, seems to be common to various musclefiber cell-surface macromolecules, such as AChR and N-CAM. It has been reported recently that muscle activity decreases the level of mRNA coding for AChR subunits, suggesting that muscle activity controls the transcription of the AChR genes (Goldman et al., 1988) . This pattern could be a general one for most cell-surface macromolecules. Nerve-evoked muscle activity could be regulating the muscle-cell surface composition through a coordinate influence of the expression of several macromolecules.
The changes in ECM after denervation possibly modulate the behavior of regenerating axons. It has been proposed that denervated or inactive muscles secrete a soluble factor that promotes axonal growth (Henderson et al., 1983; Sanes, 1989 ). On the other hand, Sanes (1989) has proposed the hypothesis that portant differences exist between innervated and denervated the denervation-induced changes in the muscle-fiber surface are muscle-fiber surfaces. ECM proteoglycans have been implicated used to inform regenerating axons of their state of innervation in neurite growth-promoting activity (Lander et al., 1982 (Lander et al., , 1985 , and proximity to synaptic sites. Ciliary ganglion neurons extend support of axonal regeneration (Chiu et al., 1986 ; Sanes et al., neurites on muscle sections in vitro, generally in close apposition 1986), adhesion of retinal neurones to an extracellular substrate to sectioned cell surfaces (Covault et al., 1987) . Average neurite (Cole et al., 1985 (Cole et al., , 1986 , and as an anchorage site for the asymlength was greater on sections of denervated than on sections metric AChE (Brandan et al., 1985; Inestrosa and Perelman, of innervated muscle, supporting the idea that functionally im-1989). Thus, the increase in ECM proteoglycans after dener- vation observed in the present study could contribute to the axonal regeneration process, possibly by facilitating axonal growth.
Studies using immunocytochemical methods, aiming to compare levels of several adhesive macromolecules in denervated and innervated skeletal muscles, have revealed that the expression of laminin, fibronectin, and HS proteoglycans change little after denervation (Sanes et al., 1986) . On the contrary, we observed a clear increase in ECM proteoglycans after muscle denervation. This apparent discrepancy could be explained because the antibody used in the above observation recognizes only the HS proteoglycan. On the contrary, we found that the main change produced by denervation was in the CS/DS proteoglycan expression. Recently, it has been shown that some of the ECM components present in the muscle at synaptic sites are synthesized by fibroblasts (Gatchalian et al., 1989) . Moreover, muscle fibroblasts proliferate after denervation (Connors and McMahan, 1987; Gatchalian et al., 1989 ). The precise cell type responsible for the increase in proteoglycan synthesis reported here requires further attention.
In conclusion, the results reported here are the first biochem- Normal and 6-d denervated rats were injected with %-sulfate and 'iH-ghxosamine for 6 hr. ECM-like material was prepared as described in Materials and Methods. The labeled ECM proteoglycans, from an equal amount of ECM-like material, were solubilized by guanidine and applied to DEAE-Sephacel column. '3 and )H radioactivity were measured in the bound material, which was eluted with 0.8 M NaCl in column buffer. . Effect of muscle activity on % incorporation in ECM proteoglycans. Leg muscles paralyzed for 6 d were obtained by complete blockade of sciatic nerve conduction by repeated local applications of TTX (Pestronk et al., 1977) or by tenotomy (see Materials and Methods for details). Denervated muscles are also shown for comparison. In the nerve regeneration experiments, muscles were denervated by crushing the sciatic nerve. Samples were obtained 30 d after paralysis (Fadic and Inestrosa, 1989) . Each column represents the mean + SEM of 4-6 experiments.
of Muscle Proteoglycans An equal amount of ECM-like material was prepared from normal and 6-d denervated muscles. ECM-labeled proteoglycans were incubated with chondroitinase ABC and nitrous acid to determine the presence of CS/DS and HS proteoglycans, respectively. The values are the mean f SEM of(n) experiments.
ical evidence of an increase in ECM proteoglycans following denervation.
They indicate that the motor nerve regulates the expression of muscle ECM by the evoked muscle activity.
